ABSTRACT A highly shielded and easy-integration antenna-in-package (AiP) configuration based on the rectangular hollow dielectric resonator antenna (DRA) is presented. The surfaces of the hollow are made conductive to form a metal cavity, isolating the DRA from the RF circuits. Both passive and active antennas for 2.4-GHz WLAN applications are designed, measured, and compared. The two antennas are excited in the TE x δ11 mode and perform similarly. To know the effect of the perfect-electric-conductor (PEC) boundary, the DRA without any metal cavities is also studied for comparison. Two sets of experiments are designed to investigate the electromagnetic interference between the AiP and a low-noise amplifier (LNA) inside the hollow. The influences of the DRA on the packaged LNA are measured and analyzed for both the no-PECboundary and PEC-boundary cases. It is found that the output of the LNA will be significantly affected by the DRA input power when the latter is sufficiently high.
I. INTRODUCTION
In recent years, the needs for highly compact and integrated modules are in great demand, including both passive and active designs. The Antenna-in-Package (AiP) as a prospective solution of integrating antennas with RF circuits in a package has been widely studied [1] - [4] . Some novel AiPs realized by low temperature co-fired ceramic (LTCC) technology for RF package applications were designed to operate in 5-GHz band [5] - [7] . According to the relative position of the radio die and antenna, two basic architectures, namely the horizontal and vertical stacking topologies, have been considered in these solutions [8] . An internal-external architecture in [9] provides us a third way for the AiP design.
In 1983, Long et al. [10] demonstrated that the dielectric resonator (DR) can be used as an antenna, known as the dielectric resonator antenna (DRA). Since then, the DRA has received much attention because of its low cost, light weight, and high efficiency. The multifunctional DRA has also been extensively explored by making use of its various resonant modes. For example, a single cylindrical DR has been simultaneously designed as an antenna and filter by using its different modes [11] . A triple band cylindrical DRA with three different radiating modes is explored using a novel feeding method [12] . The integration of the DRA with an amplifier or oscillator has also been demonstrated in [13] and [14] to obtain an active integrated antenna (AIA). In [15] , a hollow DRA has been used as a package cover for RF circuits, giving an AiP. Although a metal cavity was used to isolate the DRA from the RF chip in [15] , the near field of the antenna still influences the chip through the feeding aperture at the top of the cavity, which may cause an electromagnetic interference (EMI) in the system integration.
In an on-chip antennas integrated RF system, active and passive devices are very susceptible to the coupling from antennas [16] . Therefore, the EMI between the RF circuit and antenna should be studied and avoided [17] .
Tianwei et al. [16] have analyzed and measured the coupling between an on-chip antenna and an inductor. A selfshielded AiP based on the quarter mode substrate-integratedwaveguide (SIW) subarray has been presented in [18] . The electric field inside an AiP structure has been weakened by arranging the via holes properly [19] . However how and what level of the near field will have an influence on chip have not been mentioned. A few studies have been done to investigate the coupling between the AiP and RF circuits [20] .
In this paper, a new AiP configuration based on the rectangular hollow DRA is designed. Its feeding probe and hollow for the RF circuits are separated. A second version that has a metallic material on the boundary of the hollow is also investigated. Because of the metallic material, the hollow becomes a cavity. It will be assumed that the metallic material is a perfect electric conductor (PEC). In this version, the antenna and RF circuit can be effectively isolated from each other, minimizing the interference between them and facilitating the integration of high-density and high-sensitivity RF circuits. As a result, the antenna and circuit parts can be designed individually and then connected directly. To illustrate our idea, both passive and active rectangular hollow DRAs working in their fundamental modes are designed, fabricated, and measured in 2.4-GHz band. The active AiP is realized by integrating the passive DRA with power amplifiers.
To study the effect of the PEC cavity and the influence of the antenna's near field on amplifier, two reference antennas (with and without active circuits) that have no PEC boundaries are designed, compared, and discussed. The influence of the AiP on a low noise amplifier (LNA) packaged in its hollow is investigated. To do this, the input-output characteristics of the LNA at different DRA input powers are measured in both cases (with and without the PEC boundary). The impact of the DRA on the gain and DC current of the LNA are studied. The shielding effect of the presented PEC cavity is proved through measurement. While for the no-PEC-boundary case, the influence of the high-power antenna's near field on the active circuit (LNA) is studied, which helps to understand the EMI issue between the AiP and packaged circuits. Finally, the isolations between the DRA and LNA for both cases are measured and compared over 2-3 GHz.
II. ANTENNA-IN-PACKAGE (AIP) DESIGN
A. ANTENNA CONFIGURATION Fig. 1 shows the AiP configuration. The DRA with a dielectric constant of ε ra has a length of a, width of b, and height of h. It is excited in its TE x δ11 mode (0 < δ < 1) by a probe displaced at a distance of d p from a side wall of the DRA. The length and radius of the probe are l p and r p , respectively. A hollow with a length a 1 , width of b 1 , and height of h 1 is reserved for packaging RF circuits. It is fabricated in the DRA with a distance of d h from the side wall of the DRA. The AiP is mounted on a square substrate that has a length of G a , dielectric constant of ε rs , and thickness of t. As shown in the configuration, RF circuits (replaced by a microstrip line with a length of L 2 here) can be placed in the hollow. After the RF circuits have been mounted inside the hollow, they can be connected to the two 50-microstrip lines on the other side of the substrate through via holes (with a radius of r v ). The two microstrip lines with lengths of L 1 and L 3 are connected to the SMA and probe, respectively. In addition, three anti-pads with radii of r 1 and r 2 around the probe and two via holes are etched on the ground plane. All these parameters are optimized to match the antenna at around 2.45 GHz using ANSYS HFSS.
B. DESIGN PARAMETERS
Based on the basic configuration, two antennas with and without the PEC boundaries are optimized and compared in this part. Namely, the difference between them is whether the five walls (four side walls and the top wall) of the hollow inside the DRA have a PEC boundary (metal cavity). To begin with, a displaced-probe-fed rectangular solid DRA is designed to resonate in its fundamental TE x δ11 mode at around 2.45 GHz [21] . Next, a hollow is fabricated to package the RF circuits. It leads to an increase of the resonant frequency due to the decrease of the equivalent dielectric constant, but it was found that it increases to a smaller VOLUME 6, 2018 extent when introducing the PEC boundary. To restore the resonant frequency to 2.45 GHz, the sizes of the two DRAs are increased, with the no-PEC-boundary DRA being larger than the PEC-boundary DRA. For convenience, the no-PEC-boundary DRA and PEC-boundary DRA are named as Antenna 1 and Antenna 2, respectively. Their optimized parameters are given in Tables 1 and 2 . 
C. SIMULATED AND MEASURED RESULTS
Using the optimized dimensions, the two passive antennas were fabricated and measured. In this paper, the reflection coefficients were measured using an Agilent network analyzer 8753ES, whereas the radiation patterns, realized antenna gain, and total efficiencies (mismatch included) of the antennas were measured with a Satimo StarLab system. The fabricated prototypes are shown in Fig. 2 . (2.29-2.59 GHz). For Antenna 2 ( Fig. 3(b) ), the measured and simulated bandwidths are 8.9% (2.36-2.58 GHz) and 10.9% (2.35-2.62 GHz), respectively. In both cases, the impedance bandwidths are more than sufficient for 2.4-GHz applications. The deviation between the simulation and measurement is due to fabrication tolerances and experimental imperfections. Fig. 4 displays the measured and simulated normalized radiation patterns of the two DRAs at 2.45 GHz. A good agreement can be observed for each case. In the boresight direction (θ = 0 • ), the co-polar field is higher than the crosspolar field by more than 20 dB. A tilting angle of ∼10 • can be found in the E-plane results of the two DRAs because the structure is asymmetry in the E-plane.
The simulated and measured realized antenna gains (mismatch included) of the two DRAs in the boresight direction are shown in Fig. 5 . Again, it can be observed from the figure that reasonable agreement is obtained for each antenna. The measured realized gain of Antenna 1 is higher than 4.40 dBi over the 10-dB impedance bandwidth (2.33-2.61 GHz), with the maximum gain being 5.28 dBi at 2.48 GHz. For Antenna 2, the measured realized gain is higher than 4.30 dBi across the 10-dB impedance passband (2.36-2.58 GHz), with the peak gain given by 4.95 dBi at 2.44 GHz. With reference to the figures, the discrepancies between the measured and simulated results are less than 0.77 dB and 0.35 dB for Antenna 1 and Antenna 2, respectively. Antennas 1 and 2 are higher than 77% and 69%, respectively, with their respective maximum efficiencies given by 91% and 87% at 2.45 GHz. A little lower efficiency of Antenna 2 should be mainly due to the roughness of the copper sticker that forms the PEC boundary of the hollow.
III. ACTIVE INTEGRATED ANTENNA (AIA) DESIGN
An AIA or system-in-package can be easily realized using our AiP configuration. For demonstration, two AIAs using Antennas 1 and 2 were designed, fabricated, and measured.
A. CONFIGURATION OF THE AIAs
The configuration of our AIAs with or without the PEC boundary is shown in Fig. 7 . The designs without and with the PEC boundary are denoted as AIA 1 and AIA 2, respectively. Here, the two hollow DRAs are based on the passive designs in Fig. 1 .
A Mini-Circuits GALI-S66+ [22] amplifier is used for both AIAs 1 and 2. The amplifier is internally matched to 50 ohm and only some blocking capacitors and bias circuits are needed. According to the recommended evaluation board [22] , the circuit topology of the amplifier was designed on a 15.5 × 10 × 0.63 mm 3 substrate with a dielectric constant of ε rs = 6.15, as shown in Fig. 7(b) .The amplifier is connected to two microstrip line sections through via holes; one of the section is connected to the SMA connector whereas the other section is connected to a feeding probe.
B. PERFORMANCE OF THE AIAs
Two prototypes of the proposed AIAs were fabricated, with their photos shown in Fig. 8 . To show the structures clearly, they are unassembled in the figures and the PA part is magnified in Fig. 8(c) to see the details well.
The measured reflection coefficients with the DC power supply applied are displayed in Fig. 9 . Since the input impedance of the amplifier is unavailable in the datasheet, the simulated reflection coefficients of the two AIAs are not included in the figure. In the measurements, the amplifier was fed by an input of −30 dBm. The measured 10-dB impedance bandwidths of AIAs 1 and 2 are 2.38−2.80 GHz and 2.29−2.78 GHz, respectively. Both of them fully cover the 2.4-GHz WLAN band. Fig. 10 shows the measured normalized radiation patterns of the two AIAs at 2.45 GHz. As compared with the simulated radiation patterns of the passive counterpart (Fig. 4(a) ), reasonable agreement between the measured and simulated results can be observed. The cross-polar field of AIA 1 deteriorates a little bit but is still lower than the co-polar field by at least 15 dB, being enough for many practical applications. The deterioration of the cross-polar field should be mainly due to the mutual coupling between the antenna and amplifier. In contrast, AIA 2 can suppress the cross-polar field to lower than −20 dB because the amplifier is isolated by the PEC boundary. Thus, the PEC boundary should be used in most applications to reduce undesirable cross-polar fields.
Theoretically, the realized gains of the AIAs can be obtained by adding the simulated gains of the passive DRAs (Antennas 1 and 2) and the typical gain of the amplifier (∼17.5 dB at 2.4 GHz). Fig. 11 compares the measured and theoretical realized gains of the two AIAs in the boresight direction. As can be seen from Fig. 11 , the measured realized gains of AIAs 1 and 2 over the 2.4-GHz band are higher than 22 and 21 dBi, respectively. For both AIAs, the measured and theoretical results are in reasonable agreements, with the deviations being less than 1.3 dB. It should be mentioned that the gains of AIAs 1 and 2 are more or less the same because the input power of the amplifier is not high. As will be demonstrated in the following section, the two AIAs will perform very differently when the input power is high.
IV. EMI INVESTIGATION
Although a PEC cavity or grounded shield is often used to isolate RF circuits from antennas, the effects of the cavity/shield on the antenna radiation and RF circuits have been seldom found. The influence of a high-power external plane-wave EMI on the performance of an RF amplifier via a slot on a cavity has been analyzed and measured in [23] . However, only limited work has been done on studying the coupling and interaction between an AiP and its packaged RF circuits, which is a near-field problem. In this section, two experiments based on our AiP configuration are designed to study the effect of the near field of the antenna on the amplifier. Due to the limitation of the test equipment, the noise figure of the LNA was not measured.
A. TESTING STRUCTURE
The configuration of the testing structure is shown in Fig. 12 . With reference to the figure, each hollow DRA in Section II is used to package an amplifier. Since this section is focused on the EMI, higher powers were used in the experiment and therefore a low-noise amplifier (LNA) with a high input 1-dB compression point is used here. A Mini-Circuits PSA4-5043+ [24] , which is internally matched, is used as the LNA. A LNA circuit was designed on a 15.5×10×0.63 mm 3 substrate (ε rs = 6.15) according to the suggested evaluation board [24] , as shown in Fig. 12(b) . The input port of the DRA (Port 3) and output port of the LNA (Port 2) are connected to two SMA connectors via 50-microstrip lines individually for the EMI investigation. Two sets of experiments (with and without the PEC boundary) were designed at 2.40 GHz. Fig. 13 shows the photos of the unassembled prototypes and the LNA part is magnified in Fig. 13(c) to see the details well. 
B. S-PARAMETERS OF THE SYSTEMS
Fig. 14 shows the reflection coefficients (S 11 , S 22 , and S 33 ) and transmission coefficients (S 21 and S 12 ) of the two cases. The output power of the network analyzer was set as −20 dBm and the LNA worked in its linear region. It can be seen from the figure that the measured S 11 of the no-PEC-boundary and PEC-boundary cases are lower than −11.5 dB and −9.5 dB, respectively. For both cases, the matching levels (S 22 ) at the output ports of the LNAs are around −10 dB across the 2.4-GHz band. With reference to the figure, the measured and simulated 10-dB impedance bandwidths (|S 33 | < −10 dB) of the DRA without the PEC boundary are 9.5% (2.31-2.54 GHz) and 12.0% (2.28-2.57 GHz), respectively. For the PEC-boundary case, the measured 10-dB impedance bandwidth starts from 2.30 GHz to 2.58 GHz (11.5%), agreeing well with the simulated bandwidth of 11.0% (2.31-2.58 GHz). Again, both cases can entirely cover the 2.4-GHz WLAN band. It is worth mentioning that the simulated S 33 in Fig. 14 agrees well with the simulated S 11 in Fig. 3 , implying that the RF circuit does not affect the antenna, as desired. For both cases, the measured gain (S 21 ) and isolation (−S 12 ) of the LNAs are about 10 dB and 20 dB respectively. DRA. In the measurements, the input power of the LNA was increased from −32.5 dBm to 7.5 dBm with a step of 5 dB, whereas that of the DRA was increased from −30 dBm to 40 dBm with the same step. The different DRA input corresponds to a different magnitude of the near field inside the hollow. The input-output curve when the DRA is connected to a 50-load was also measured, and the result is given in the figure for comparison. For clarity, only selected cases are shown in the figure. With reference to Fig. 15(a) (no PEC-boundary), when the input power of the DRA is low, say below 0 dBm, the output of the LNA increases linearly with the input power of the LNA at Port 1 as if the DRA did not exist. However, when the input power of the DRA gets higher, the output of the LNA will be affected by the input power of the DRA. For example, when the DRA input power is 15 dBm, an almost constant LNA output power of about −2.0 dBm is found for a LNA input power of below −12.5 dBm. This phenomenon holds when the measured input power of the DRA is higher than 0 dBm. From the many measured data sets (some of them arenot shown in the figure), it can be concluded that the input-output characteristic of the LNA is strongly affected by the DRA when the input power of the DRA is higher than that of the LNA by ∼27 dB or more.
A similar phenomenon can be observed for the PEC-boundary case (Fig. 15(b) ) with a different threshold input power to the DRA. It was found from the measurement that the linear input-output characteristic is not affected by the DRA until the input power of the DRA reaches 22.0 dBm. An analysis of the measurement data shows that the inputoutput characteristic of the LNA is strongly affected by the DRA when the input power of the DRA is higher than that of the LAN by ∼54 dB or more. This threshold value is 27 dB higher than that of the no-PEC-boundary case, showing that using the PEC can isolate the circuit from the DRA very effectively.
In both cases, for a fixed DRA input (smaller than 30 dBm), when the difference between the inputs of the DRA and LNA is smaller than the threshold value, the output of the LNA are still increasing linearly with the LNA input, namely the LNA is working normally for these cases. It implies that for this fixed DRA input, the LNA output is directly influenced by the DRA's coupling, whereas the working state (gain) of the LNA is nearly not affected, which will be further verified by the unchanged DC current part in Subsection E.
D. GAIN OF THE LNA
It has been found in [23] that a plane-wave EMI at a power of 23 dBm can cause the gain of an RF power amplifier to degrade by ∼8 dB by changing its DC current and working state. In this part, the effect of the antenna's near field on the LNA gain is studied. Only low input powers of the DRA are considered in this part. It is because when the DRA input power is high, the output of the LNA will be seriously affected and the LNA output will not be simply equal to the LNA input multiplied by the LNA gain. Fig. 16 shows the LNA gain (output power divided by input power) as a function of the LNA input power for different DRA input powers. As can be observed from the figure, the LNA gain is ∼10 dB in the linear region regardless of having a PEC boundary or not. The input 1-dB compression point is ∼5.5 dBm for both the no-PEC-boundary and PEC-boundary cases. However, it can be observed that the gain varies with different antenna inputs for the no-PEC-boundary case, with the maximum difference being 0.2 dB. In contrast, the gain remains almost the same for the PEC-boundary case for different DRA input powers. In other words, the PEC boundary desirably helps stabilize the gain of the LNA. Fig. 17 shows the measured DC current of the LNA as a function of the LNA input for different DRA input powers. With reference to the figure, as the input power of the LNA increases, the DC current initially remains at ∼50 mA and then increases with the LNA input. It can be expected because normally the DC current will not vary significantly until the working state of the LNA changes from the linear region to the nonlinear region. The change of the working state can also be seen from the gain compression in Fig. 16 .
E. DC CURRENT OF THE LNA
It is observed that when there is no PEC boundary ( Fig. 17(a) ), the DC current changes at a lower LNA input as the input of DRA increases to larger than 30 dBm. But when the input power of the DRA is high (such as 40 dBm), the cur- rent becomes totally different. In this case, the current starts from 62.5 mA and varies between 59 mA and 64 mA. This phenomenon can be explained by the fact that a high voltage can be induced by the near field of the DRA when there is no PEC boundary [25] , altering the equivalent DC voltage. In contrast, when a PEC boundary is used (Fig. 17(b) ), the current remains virtually unchanged for different DRA inputs. Obviously, using a PEC boundary in an AiP can give better results.
F. COUPLING BETWEEN THE LNA AND DRAs
It has been shown in Part C that it starts to affect the output of the LNA significantly when the DRA input is higher than the LNA input by 27 dB and 54 dB for the no-PEC-boundary and PEC-boundary cases, respectively. These threshold values are valid for 2.40 GHz only. This part is to study the threshold values over the frequency range of 2-3 GHz. For simplicity, the LNA input was fixed at −32.5 dBm in the measurement, and the DRA input was gradually increased from −30 dBm until the output of LNA changed. The input power of the DRA can be used to obtain the threshold values by simply subtracting the DRA input by the LNA input (−32.5 dBm).
The calculated threshold values for the no-PEC-boundary and PEC-boundary cases are both shown in Fig. 18 for ease of comparison. As can be seen from the figure, when the hollow has no PEC boundary, the threshold value is ∼30 dB over the frequency range of 2-3 GHz. This value can be very challenging for high-gain, high-sensitivity RF systems. But when the PEC boundary is used, the threshold value is higher than 50 dB, which is 25 dB more than that of the no-PEC-boundary case. The result is very favorable.
V. CONCLUSION
A new configuration of rectangular DRA with a shielded hollow has been presented for AiP designs. Two passive AiPs, with and without the PEC boundary, have been designed first to study their antenna performances. Their measured 10-dB impedance bandwidths have been found to be 11.3% (2.33-2.61 GHz) and 8.9% (2.36-2.58 GHz) for no-PECboundary and PEC-boundary cases, respectively, entirely covering 2.4-GHz WLAN band. It has been observed that their measured radiation patterns agree reasonably well with the simulated results, with their realized gains being higher than 4.30 dBi. Two RF amplifiers have been integrated inside the hollow of the DRAs. The measured S-parameters and realized antenna gains of the two AIAs are similar, regardless of having a PEC boundary or not. However, it has been found that the cross-polar field of the PEC-boundary case is desirably much weaker than that of no-PEC-boundary case.
The EMI issue has also been addressed. The hollow DRAs and their packaged LNAs have been separated and connected to different ports, forming two three-port systems (Fig. 12) . It has been found that the coupling of the DRA affects the output of the LNA severely. It has been observed that to operate the LNA normally, the input powers of the DRAs should not be higher than those of the LNA by the threshold values. The influence mechanism of the antenna's near field on the performance of the active circuit (LNA) is analyzed. It has been shown that by using the PEC boundary, the threshold value can be increased by ∼25 dB over the frequency range of 2-3 GHz. Also, the operation and performance of the LNA can be more stable. 
